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ABSTRACT: Fabrication of large composite parts via resin impregnation necessa-
rily involves both saturated and unsaturated flow. While Darcy’s law assumptions
classically model only the saturated flow, the idea of a Darcy-type “permeability has
been widely used to describe unsaturated flows as well. Differences between
saturated and unsaturated resin flow through fibrous preforms have long been
reported in the literature, however, and selection of permeability values for use in
numerical simulation requires a clear understanding of the differences between these
two flow types. Here, we present a new model for use in prediction of the ratios of
these two permeabilities. Capillary effect and the fiber roughness are shown not to be
dominant phenomena, as previously assumed by other workers. Instead, transverse
flow into tows, which occurs after the fluid has permeated the intertow gaps, is found
to produce significant differences in saturated and unsaturated flow velocities. Our
model, which is based on Berman’s flow in a channel with porous walls, additionally
accounts for walls reaching saturation as the flow moves axially through the rein-
forcement phase, and is shown to be in agreement with earlier experimental data. We
also present analyses and experimental results based on atomic force microscopy on
fiber roughness, showing its effects on flow to be of less importance than the tow per-
meation process. The investigation on roughness shows convincingly that for practical
materials, roughness is not a concern in flow retardation at any scale (fiber or tow).

KEY WORDS: permeability, saturated flow, unsaturated flow, intratow flow,
intertow flow, capillarity, capillary flow, surface roughness.

INTRODUCTION

ABRICATION OF LARGE composite parts through resin infusion of fibrous preforms
~ involves flow through unsaturated (dry) and saturated (pre-wetted) preform areas.
Examples of large structural parts produced by resin transfer molding (RTM) include
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body panels for the Dodge Viper, airplane engine fan-exit cases produced by Dow-UT,
and propeller blades manufactured by Dowty such as the 6-bladed R391 propeller used on
the Lockheed Martin C-130J aircraft. Defect-free production of these components
requires modeling of the fluid penetration of the fabric in order to place ports and
sequence injection times to prevent encapsulation of large dry areas, while simultaneously
minimizing production times within the constraints of mold heating and resin cure [1].
However, flow through saturated preforms has been shown to be of different constitutive
behavior than flow through unsaturated regions. Understanding the applicability of a
saturation assumption is critical since full impregnation is far from instantaneous. The
differences between the flow types can be characterized most easily for low-velocity flows
by calculation or measurement of fabric permeability, through some application of
Darcy’s law [2].

Application of Darcy’s law is widely used to model the flow of resin through reinforce-
ments that are initially dry (unsaturated), though the relation is derived via assumption of
steady-state flow through a statistically uniform saturated medium. Our previous findings
[3,4] showed that microscale fluid modeling incorporating 3D fabric architecture
satisfactorily predicted permeability, without time-consuming bench-scale experimenta-
tion typically associated with use of the Darcy approach. A particularly significant finding
of that work was the importance of fabric layering and architecture, rather than capillarity
or surface effects, in determining fabric permeability. We found good agreement between
our experimental saturated permeabilities and the permeabilities obtained using our 3D
fabric model to generate gap dimensions used for modeling flow. Recently, Chen and
Chou [5,6] generated a similar 3D model for fabric in order to model compaction and
thickness reduction for an undeformed balanced fabric in which the width of a repre-
sentative cell is equal to the tow width (i.e., with no spacing between tows). In their model,
the area of the tow cross-section is conserved, and the maximum thickness reduction is
obtained by comparing the original thickness of a tow to the thickness of a rectangle with
equivalent area. Our model [4], however, is more general, as it accounts for both intertow
spacing and unbalanced warp and weft tow densities.

In this paper, we investigate the applicability of Darcy permeability to saturated versus
unsaturated flows, building upon our previous experimental and numerical work. Unsatu-
rated permeability, although not part of the steady-flow (Darcy, Poiseuille, etc.) framework,
is taken to mean the fitted permeability in the case where the channel is not pre-wetted.
Saturated permeability follows from the usual steady-flow assumption. We consider
several key phenomena and material properties which have previously been identified in
producing differences in saturated and unsaturated flow. We also develop a new model to
capture the effect of saturation on permeability, through analysis of intratow and intertow
flow using a porous wall model for penetration of fluid between porous walls (i.e. porous
tows, in the present context). Finally, we suggest methodologies for both assessing the
importance of saturation on fluid penetration into fabric preforms and validating our
findings through comparison with our own bench-scale permeation experiments.

PREVIOUS WORK: SATURATED VERSUS UNSATURATED FLOW

The literature on use of the Darcy approach in modeling fluid penetration of resin
preforms is quite extensive. Most of the published data collected here comparing saturated
and unsaturated flows were generated for the purpose of evaluating permeability models
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or values, rather than for the purpose of comparing the two types of flow. Consequently,
few of these studies contain sufficient information to solely provide insight on flow dif-
ferences. Nonetheless, we summarize the previous experimental findings in the next section,
and reiterate a few conjectures on the causes of the differences. Next, we restate some of
our own findings [3,4], motivating our theoretical investigation of flow differences.

Permeability Experimentation and Modeling

A summary of unsaturated versus saturated data generated by other workers is
presented in Table 1. Ratios of saturated to unsaturated permeabilities greater than one
[7-10}, less than one [11,12] or varying slightly about one [13-16] have been reported.

Several authors [7,12,13] have invoked “channeling”, i.e., fluid progressing in preferential
paths in low volume fraction regions within the fiber bed, to account for flow differences
in saturated and unsaturated conditions. This can occur at two scales, with intratow fiber
rearrangement and full tow rearrangement. Within a tow, interfiber spacing, and thus
intratow channeling, are minimized when fibers are regularly arranged [17). Rearrangement
of entire tows due to fluid flow can occur at high injection pressures, when inertial effects
may induce fabric motion. Either type of flow-induced rearrangement can produce local
areas of greater channel size, and thus enhance flow in the saturated condition.

The capillary effect has been put forward as another possible explanation for differences
in saturated and unsaturated flows. Capillarity can also compound the effects of intertow
and intratow rearrangement, altering permeability [11].

Air entrapped in the reinforcements by the flowing resin has also been mentioned as a
possible cause. Williams et al. [7] speculated that entrapped air blocks pores in tows,
resulting in higher Kozeny constants for dry beds.

Models have also been proposed to account for differences in saturated versus
unsaturated flow due to the difference in apparent velocity caused by fluid penetration of
the dry material. Parnas and Phelan [18] obtained numerical solutions for flow front
movement by modeling dry fiber bundles as mass sinks which remove fluid from the flow
as it advances through the mold. Pillai and Advani [19] used a sink term in the momentum
equation to model unsaturated reinforcements as a two-phase porous medium. The
resulting equations were solved numerically. These last two papers and similar efforts by
these workers shared the characteristics of taking account of flow alteration in the
channels by accounting for tow-level effects.

To summarize previous findings, flow channeling due to fiber or tow rearrangement,
capillarity, air entrapment, and lower-speed fluid filling of unsaturated bundles have been
suggested as possible explanations for differences in saturated and unsaturated fabric
permeabilities. However, the literature spans several types of permeability experimenta-
tion, over a wide range of pressures and flow rates.

Motivation: Our Previous Findings

In our earlier, carefully controlled experiments with Knytex 24-5 x 4 plain-weave fabric
and corn oil [3,4,20], we found ratios of saturated to unsaturated permeabilities to be
greater than two on average, as shown in Table 2. A flow front from one of our saturated
experiments is shown at several scales in Figure 1.
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Table 2. Summary of experimental data of interest from our previous

_ experiments [3,4].
Shear Unsaturated Saturated Kt
Angle Conditions Conditions  Kunsat
0° Average Experimental K; [x 10~"°m?] 6.32 15.1 2.39
Average Experimental K, [x 107°m?] 5.45 12,6 2.31
15° Average Experimental K; [x 107'°m?) 4.76 10.4 2.18
Average Experimental K, [x 107'°m?) 3.36 717 2.13
30° Average Experimental K, [x 10~'°m?] 6.24 126 2,02
Average Experimental K, [x 1071°m?] 3.61 6.38 1.77

s

(b)

Figure 1. Fiuid penetrating Knytex 24-5 x 4 plain-weave fabric, shown at three scales: (a) fabric level, (b) tow
level and (c) fiber (intratow) level.

We observed no obvious flow-induced rearrangement of tows in our experiments
(30-120kPa injection pressures). Our general observation during all of the unsaturated
experiments was that the flow first quickly penetrated the intertow gaps, and penetrated
the tows a few seconds later. We explore this observation in greater detail below.
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Figure 1. (Continued)

Capillarity at either the inter- or intratow scale can only play a significant role in flow in
cases of very low injection pressures and flow rates. In our own studies, we determined
from calculations and separate observations on tows that intertow flow clearly dominated
intratow flow [3,4], so that capillarity could not have played a strong role in the observed
differences in saturated and unsaturated permeabilities. Also, if capillarity had been the
dominant phenomenon, permeabilities for unsaturated flow would have been higher than
for saturated flow, which is the opposite of what we observed.

Based on our findings and suggestions in the literature, we investigated two possible
explanations for the difference between unsaturated and saturated permeabilities:

1. Surface roughness of fibers: Saturation could mitigate the reduction in velocity due
to such roughness, producing higher-velocity saturated flow versus unsaturated flow
(i.e., ratios of saturated to unsaturated permeabilities greater than one). We
investigated the effect of roughness using a model of channel flow with wall
asperities.

2. Longer penetration times in unsaturated flow due to required wetting of the tows:
Perpendicular flow into tows, which ends with tow saturation, slows down overall
flow. Modeling of intratow penetration using a porous wall model was performed.

Based on a parametric study on roughness, we found little support for the first
hypothesis. However, we found the second hypothesis to be consistent with experimental
and theoretical findings; we describe our results below. We reserve our derivations and
experimental findings on roughness for the Discussion section.

°©

APPROACH: FLOW IN A CHANNEL WITH
POROUS WALLS REACHING SATURATION

Here we derive relations for transverse fluid velocity, unsaturated length, and
permeability ratio in a channel with porous walls with flow both parallel and transverse
to the channel walls. ““Unsaturated length” refers to a length along the channel in which
fluid is flowing transversely into the channel walls.
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The derivations follow from calculation of the velocity profile of a fluid through a
channel with some length of porous and solid walls. The porous wall region is given a
variable length behind the flow front; the solid wall region approximates full saturation.

Computation of Transverse Fluid Velocity

Flow is assumed to be driven into tows transversely by the capillary pressure; the
pressure gradient driving the flow is in the channel direction. Capillary pressure is as per
the Young-Laplace relation [e.g. 21],

- 40 cos(y) s

P
[4 DE

ey
where o is the surface tension, ¥ the contact angle, and D the wetted diameter.

Lekakou and Bader [22] rewrote Ahn et al.’s [9] expression for the equivalent wetted
diameter [23] as

8 ¢
EZTFa-9

@

where ryis the radius of a filament and ¢ is the tow porosity. Fis a form factor which takes
a value of 4 for flow along a tow and 2 for flow transverse to a tow [22], so we write

PT = Zﬁ’s_of’)(l_‘e_) 3)
fe
and
PA= zi’iL(V’)(l _¢) @)
r€

as the capillary pressures in the transverse (PY) and axial (P4) directions, respectively.
Except for transverse capillary pressure (P), we hereafter denote transverse properties
and functions with asterisks. The transverse fluid velocity can be calculated via Darcy’s
law as

=K VP, . 5
73
where
T
vpr =L ©)
Peg

with A, taken as half the thickness of the equivalent volume of tows per representative
cell, as shown in Figure 2, since fluid penetrated tows from both the top face and the
bottom face. k., can be written as

heq = h( V}ow) (7)
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> Average Bp A

Figure 2. Determination of channel wall width, based on volume of tows in a representative cell. The channel
wall width is half the thickness (heg) of the average tow volume per representative cell.

where 2h is the thickness of a fabric layer and V}"W the volume fraction of tows in a
representative cell. K*, the permeability of a tow in the transverse direction, is calculated
via Gebart’s approach [24] as

5/2
e 16 [Vimax
K '9m/8< Vy 1) g ®

where Fynax is the maximum possible volume fraction of hexagonally-packed fibers, i.e.,
0.907. The axial permeability [24] within a hexagonally packed tow is taken as

2
-V
AR

®

Computation of Permeability Ratio

Determining the velocity of the flow through a channel with porous walls was probably
first undertaken by Berman [25], who considered the domain shown in Figure 3. This work
has been widely referenced, with applications ranging from osmotic processes involved
in water desalination [e.g. 26] to heat transfer in circular tubes and rectangular ducts
fe.g. 27). In the field of composites manufacturing, the model has been used to approxi-
mate flow between two porous cylindrical tows in ah effort to model air entrapment [28].
In Berman’s classical model, the width of the porous walls is infinite, which is certainly not
a reasonable assumption in the present composites processing problem; we return to this
point shortly.

Berman’s solution [25] results in the velocity profile

u(x, ) = [ﬁ(O) - “;x] [%(1 - xz)] [1 - ZRz%(z — A2 - 7x‘)] (10)
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Figure 3. Schematic of flow in a channel with porous walls (Berman’s model).

where u* is the velocity in the transverse direction (into the walls), # the initial velocity
in the x direction, 2b the thickness of the channel, A the z coordinate normalized by b, and
Re a Reynolds number defined by
*b
Re =222 (11)
73

The pressure distribution in this model is given by

1 24 648 R 2R x\ (x
PO, 3) = plx, ) = 5 Pty [(—ﬁk— - NRC) (1 - ﬁk—e;) (3)] (12)

where Ng. is a Reynolds number for the flow entering the channel, defined as

} Nge = 2ot (13)
|
l

73

Equation (12) reduces to the expression for plane Poiseuille flow if the transverse
velocity into the walls (#*) is zero. The transversely-averaged axial velocity changes
linearly with x; the transverse velocity #* (into the porous walls) is constant over the entire
length of the walls.

For the case of present interest, clearly the porous “walls,” i.e., the permeable fabric
tows bounding the fabric channels, are finite, and have a width which can be determined
from the tow geometry itself. Figure 4 illustrates the variable gap model in which flow in a
particular direction is modeled using a trapezoidal channel [3,4] and the rectangular
channel with equivalent permeability considered here. With this geometry, only the part of
the wall that is within a distance L of the flow front, that is, the region between x = x; and
X =Xz, is porous, as shown in Figure 5. In the region between x =0 and x = x;, the porous
tows (walls) are completely saturated and u* is zero, resulting in plane Poiseuille flow.
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section v-v: section u-u: sections t-t & w-w:
e —— ! S
maximum gap minimum gap

M o, a,
kN ) ( + equivalent gap

equivalent gap

T

\

b 4 ——

12227

_fai

"

22122

fﬂ
d

Usat/U unsat

Figure 4. The variable gap model. 2-D cross-sections are shown in the middle, including section v-v, which
contains the maximum gap, cross-section u-u, an example of a cross-section with intermediate gaps, and
sections t-t and w-w, which combine to form the cross-section that contains the minimum gap. The variable-
gap model (1-D) is shown at the bottom, with dimensions a, and a, obtained from the equivalent maximum
and minimum gap thicknesses, respectively (adapted from [4]).

A

1
partially ¢/ unsaturated

salurated region X saturated region region

]
i
1
1
1

r S

» = -
[ ]
X --Y____

Figure 5. Schematic of flow in a channel with porous walls reaching saturation. There is a partially saturated
region in the tow in which the fluid penetration is a linear function of axial length, as shown.
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Using Berman’s model [25], the average velocity over the region between x=x, and
x =Xy, (averaged with respect to A and x) can be written as

Usat + Uunsat foL f_ll u(x, A)drdx WL
2 L = T

14)

usae 18 the velocity at x =x; (the saturated velocity) and wune, is the velocity at x=x;
(the unsaturated velocity).

The same expression can alternatively be obtained from a volumetric flow rate balance
on the control volume limited by the channel walls between x =x, and x=x. Equating
the volume flow rate of fluid into and out of the control volume and dividing through
by the depth in the y dimension, Y, yields

Usarh = uypsarh + Lu* (15)

which is equivalent to the average result (Equation (14)) from Berman’s model [25].

The channel half-thickness, b, is taken as half the distance between two plates that yields
an equivalent permeability to that obtained with the variable gap model using fabric
geometry for the case of gaps between a layer of fabric and a flat surface [3,4], as shown
in Figure 4. From Table 2 of [4], the equivalent permeability in the case of flow between
infinite parallel plates (plane Poiseuille flow) is

b2
K= (16)
and the equivalent permeability for the variable gap model [4] is
4 2
= —“‘—"%2-, a7
3(a1+ay)

where a; and a; are the end half-thicknesses of the trapezoidal channel. The width of the
channel, b, is then calculated from Equations (16) and (17) as

2
al“%

(@ + @) (9

The actual volume of the walls must enter the analysis, since the velocity in the trans-
verse direction must be zero when the walls are completely filled. The volume of the walls
per unit depth (in the y direction) between x = x; and x=Xx;is

*

V
7 =2L hé"l (I- Vf)corr (19)

where

(1= VPeorr = (1 — Vf)[— sin (((fon )-1)%)] (20)
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is used instead of (1 — V) since it vanishes as the volume fraction ¥, goes to the maximum
packing fraction Vj max. A value of n=20 is used here, based on a sensitivity analysis on
this parameter. In using a high value of n, the effect of the correction is essentially
nonexistant away from the maximum volume fraction. A higher value of n would offer no
real advantage.

The volume flow rate of fluid into the walls per unit depth between x = x, and x =Xris

Q*
Y
The time required for the fluid to completely fill the volume of the porous walls between
x=x; and x = x;is calculated from Equations (19) and (21) as

ti = heq(l ;*Vf)corr

(22)

The fluid in the channel covers the axial distance L in time ¢, (Figure 5). We also write t; as

L
ty = 23
£ 0.5(tsar + Uunsat) (23)
and equate the two relations (Equations (22) and (23)) to solve for L as
L= heq(l - Vf )corr(uunsat + Usar) ] (24)

2u*

Substituting into Equation (14), we can express the ratio of saturated to unsaturated
velocities as

Usat 2b+ heq(l = Vi)eorr

= . 25
tarsa 25— g1 = Vo @)
Applying Darcy’s law to the region between x=0 and x = x;, we find
Kunsat Pinj — Plx=
Hunsay = (26)
Similarly, we apply Darcy’s law to the region between x =0 and x=x,, yielding
Ugar = Ksat Pinj - PIx:x, (27)

AL-L

The pressure drop between x=x, and x= Xy is obtained with Berman’s model
(Equation (12)) and the pressure at x = x,is known (usually atmospheric); thus, the pressure
at x =x, is known also. Using this relation and combining with Equations (26) and (27),

= = w")2L, (21) |
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the ratio of permeabilities can be expressed as

Kat  usay AL — LPij— Pliey,
Kypsat Uunsat AL Pinj - PEx:x, ’

(28)

In analysis of our data, we used the average radius of the flow front towards the end of
our experiments as AL [3]. In the limit as AL goes to infinity, the ratio of permeabilities go
to values about 50% higher than the ones obtained for the AL based on the experimental
mold geometry. Properties [4] and intermediate results for the case of interest here are
shown in Table 3. Results for ratios of calculated saturated to unsaturated quantities are
given for velocity and permeability in Table 4 for both principal directions. These results
are based entirely on fabric geometry, materials properties and calculated parameters, and
involve no fitting parameters.

Table 3. Measured, fitted and calculated quantities used in model of
channel with porous walls reaching saturation.

o, surface tension of corn oil 30.1 x 107*N/m
¥, contact angle of corn oil on glass 20.1°

r,, radius of glass filament 8.6x10~%m
F, shape factor 2

V;, intra-tow fiber volume fraction 0.786

b, half height of flow channel for 6 =0° 521x10°m
b, half height of flow channel for 6=15° 7.79%x10°m
b, half height of flow channel! for 6 =30° 7.71x10°m
p, density of corn oil 983kg/m®

u, viscosity of corn oil 0.040Pas
D¢, equivalent wetted diameter 9.36 x 10~m
P°, transverse capillary pressure 12,100N/m?
AL*, 1/2 tow thickness of Knytex 24-5 x 4 fabric 1.84x107*m
K*, transverse permeability of tow 2.56 x 1071 m?
V*, transverse fluid velocity 4.20 x 10 5m/s
/210w time to permeate half the tow thickness . 438s

AL, average distance between injection hole and

edge of flow front at end of experiments 0.12m

Table 4. Calculated ratios of saturated to unsaturated velocities and
permeabilities for Knytex 24-5 x 4 with shear angles 0, 15, and 30°.
The distance between plates used here results in the same channel
permeability as the variable gap model for the indicated shear
angles. All data in the table were obtained from fabric geometry and
calculations. No fitting parameters were used.

Shear Equivalent b Calculated
Angle (VGM) [m] Ksat/Kunsat
0° 5.21x107° 277
15° 7.79x107° 2.18

30° 7.71 x 1075 2.19
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DISCUSSION

We divide our comments into those on applicability of the finite permeable wall model
- —~and those on the effects of fiber roughness and the slip boundary condition.

Applicability 61' the Finite Permeable Wall Model

In developing our model, we neglected the effect of axial capillary action on fluid
motion. To assure that the effect of this axial capillarity was small, we calculated the ratio
of t;, the time it takes to saturate the channel walls, to t‘c‘, the time it takes the fluid to
travel an axial distance L within the tows (walls) under the influence of the axial capillary
pressure, P4. The axial time tf can be expressed as the ratio of the distance traveled, L, to
the Darcian velocity of the fluid in the tow, or

L
X = Xapa 29)
Combining Equations (22), (i3), and (29), we write
* A pA
173 4u*K? P; (30)

127 hog(1 = V) corelttsar(1 + (tunsat/usat))?

For our case, using quantities in Table 3, the above ratio for the average injection
pressure and average b was found to be below 1.5 x 107#, that is, 1 /6700, for the three
shear angles.

We also neglected the effect of axial pressure on transverse tow penetration.
Incorporation of this effect would probably require a tow-level model which accounts
for the actual flow front/tow boundary in a fabric, which is a level of detail not used here.
It is questionable whether such a study would produce practical guidance for
manufacturers.

A possible source of error in our model is the fact that the surface area in contact
with the fluid in the actual channel is higher than in the case of flat plates, as shown
in Figure 6a. Another source of error from the channel being flat plates rather than actual
tows is that the fluid would advance through the entire thickness of a tow near its
narrower edges, which would then allow the fluid to penetrate the remaining, thicker
section transversely as well as axially (Figure 6b). Given the agreement in the data and the
investigation of other flow phenomena that follows, we assess these effects to be rather
small.

Fiber Roughness and the Slip Boundary Condition

We investigated flow in rough pipes and flow over rough surfaces as models for the type
of flow retardation we might encounter in the composite process, due to surface roughness
of the filaments. Flow in rough pipes has been studied extensively. Early work by
Nikuradse [29] resulted in the formulation of laws describing turbulent flow in rough
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Figure 6. Actual channel geometry versus model: cross-sections transverse to tow direction showing fluid
penetration into channel walls, (a) Typical gap shape versus rectangular channel. (b} Actual versus strictly one-
dimensional impregnation of tow. Schematics are symmetric about the “dash-dot-dash” lines.

pipes. Subbotin et al. [30] conducted an experimental study of pressure drop and velocity
fields in rough pipes, for laminar and turbulent flows. Lamont’s work [31] includes
recommendations for roughness factors for a variety of pipes.

Studies on flow over rough surfaces include the work of Schlichting [32], who conducted
an experimental study of flow in a rectangular channel with varying roughness. Knight
- and Macdonald investigated behavior in large channels [33]. Mickaily et al. [34] studied
the motion of steel bobs with various surface roughnesses in a viscous liquid. Higdon [35]
and Levchenko and Ukhov [36] performed numerical work on flow over rough surfaces.
Elrod [37] derived general relations for the behavior of thin lubricating films in the
presence of roughness.



1596 F.D. DUNGAN AND A M. SASTRY

Many authors have used a slip boundary condition to account for the roughness of the
surface over which fluid is flowing, based on the boundary condition described by Navier
(see historical overview in Goldstein [38]). Beavers and Joseph [39] studied flow over a
porous block experimentally, and developed a theory for flow dynamics based on
replacement of the boundary layer effect with a slip velocity. Building on their work,
Richardson [40] presented a model and analysis for experiments performed by Taylor [41]
for flow in a small gap above a porous medium made of parallel plates. In these cases
[39,40,41], flow at the solid boundary is enhanced due to fluid velocity in the porous
medium, unlike flow over a rough surface, which is impeded by the roughness at the
boundary.

Sarkar and Prosperetti [42] represented the effect of roughness on flow far from the
boundary by replacing the no-slip condition on the exact boundary by a partial slip
condition on a smooth surface. They looked at what they termed “bumpy surfaces,” which
have finite surface slope irrespective of the size of the irregularities. Miksis and Davis [43],
Tuck and Kouzoubov [44], and Hocking [45], among others, did similar work for what
Sarkar and Prosperetti [42] termed “wavy surfaces,” in which both the scale of surface
irregularities and their slopes are small. Jansons [46] looked at bumpy surfaces and showed
a perfect slip boundary to be consistent with macroscopic observations of real surfaces.

In order to determine whether the roughness of the fibers was a significant impediment
to the flow, a model system of steady flow between two infinite plates separated by a
distance 2b was investigated. The main steps of the derivation follow. All parameters are
constant with respect to the y direction.

Starting with the x component of the Navier-Stokes equations

aP Pu  u
P “(5;"@) 31
and the continuity equation
ou dv ow
5; + 5 + P 0, 32)

we take v=w=0, since fluid motion is in the x direction only. The continuity equation
reduces to

=0 (33)

oP Fu
il e o (34)
Treating 3P/dx as a constant, a solution to the above equation has the form
1 aP
u= 555522 +cz+c. (35)
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Imposing slip boundary conditions at the surface of both plates [45,46], we obtain

du

Cu(b) = —(R) o (36)
du

u(—b) = —(R)g (37

where (R) is the RMS roughness of the plates, defined in Figure 7.
Substitution of (36) and (37) into (35) yields

o = —RI3P (38)
u ox

and

_ 19P 2 b?
2= ;5; ((R) —"2-) (39)

The velocity can now be expressed as

. 1P Z2 2 b2
u=-o (7— (R)z + (R) ——2-) (40)

The roughness of glass filaments from Knytex 24-5 x 4 was obtained using an atomic force
microscope (NanoScope IIla from Digital Instruments [47]), using both contact and
tapping modes. RMS roughness values were obtained by averaging results for several
sample surfaces of a given size. Patch sizes investigated ranged between 1 x 1 pm and
10 x 10pm (based on the geometry of the cantilever tip, the absolute maximum square
patch scannable for a fiber with a diameter of 17.2 pu is 13.4 x 13.4 um.) The velocity profile

Z ,

] S

ave /u Bl \/\/ ~ “\/

N
<R >=J—]1\7§,(zi —zm)2

Figure 7. Definition of RMS roughness. N is the number of points at which z is measured in the interval of
length L, z.., is the average z value over the interval.
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from Equation (40) was obtained based on a ratio of b/(R), or half the distance between
the parallel plates to the average RMS roughness. Even when the largest measured value
of roughness is used, the ratio b/(R) is over 100, .resulting in no significant roughness effect
on the fluid velocity, as shown in Figure 8.

Thus, despite the slowing of flow due to boundary roughness, the average roughness
would have to be at least one order of magnitude larger than the largest roughness
observed in order for this phenomenon to meaningfully affect the flows studied here.

CONCLUSIONS AND FUTURE WORK

A one-dimensional model was derived for flow between parallel plates separated by a
distance yielding an equivalent permeability to that obtained with the variable gap model
for the fabric layer-flat surface case [4]. In the present work, the planar walls were modeled
as porous over a particular distance behind the flow front (determined by the time it takes
fluid to go through the thickness of the equivalent volume of tows in a representative cell).
This finite permeable wall model provides a good approximation of the experimental
results recorded (Tables 2 and 4).

Several authors have found unsaturated flow to be faster than saturated flow in similar
experiments. We postulate several reasons for this finding. First, the experimental method

0.8 /r o’

0.6 / —
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0.2 e [ b/<R>=10
/; ~ -~ -b/<R>=100

< 00 ——— b/<R>=1000
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)
\
06 N
]
3
~
.
-
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W[(1/pXdp/dx)]

Figure 8. Axial velocity profiles for different values of b/(R) ratio.
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used to obtain permeabilities may have affected results. Besides our own, the work of
Lekakou et al. [10] was the only case we encountered wherein the radial flow technique
was used to obtain both unsaturated and saturated permeabilities. They found K, to be
greater than Kynsai- Second, differences in experimental parameters, techniques, materials,
etc., could explain the wide variety of Kg,./Kunsa: ratios reported in the literature. For
example, a very low injection pressure could render capillary action significant in com-
parison with the intertow flow, and therefore, decrease the K/Kynsat ratio substantially.
We observed in our laboratory that results were the same when permeability was
measured at different stages of the injection, provided it was not at the very beginning of the
injection. We also observed that a drop of fluid deposited at the center of one side of a single
tow took an average of 2-3 s to reach the other side (this involved only the center of the tow,
care was taken to avoid getting the thin tow edges wet). The results obtained with the model
presented above are consistent with these observations. As shown in [3] and [4], the effects
of nesting on permeability are even greater than those of saturation; however, the
mechanism of nesting and its effects are understood and were described in [3] and [4].
Our findings suggest that ratios of two for ratios of saturated to unsaturated
permeabilities are entirely plausible in light of the modeling and experiments here. This has
important consequences for design of injection processes for large parts. In using
numerical flow models involving local permeability descriptions, care must be taken to
alter permeabilities in the numerical simulation when saturation is likely to have been
achieved in a portion of a part, since permeability can increase by a factor of two after
saturation. Accurate flow tracking and predictions of dry area entrapment depend on
accurate permeation modeling. Thus, we suggest that closed form analysis such as that
performed here be used to alter permeability during a numerical simulation of the per-
meation process, as appropriate, with use of proper material and geometrical properties.
We found that intra- and intertow density and filament-liquid interface characteristics,
rather than the surface roughnesses of individual filaments, are much more important in
material selection and design of resin impregnation processes. We also reiterate our earlier
finding of the critical effect of fabric geometry on permeation, particularly the transverse
stacking of layers. The finding here that the permeation process in the tows takes place at a
markedly longer timescale than that in the intertow regions strongly reinforces that finding.
Future work on different fabric geometries is merited, particularly works in which
transverse stacking geometries are thoroughly investigated, since both saturated and
unsaturated permeabilities can be determined from modeling with no fitting parameters.
Also, we find that future work on prediction of fabric permeabilities without reliance on
bench-scale experiments is generally merited.

NOMENCLATURE

a; = thickness of equivalent channel at either end (i=1, 2)
b =half distance between plates
Dg =equivalent wetted diameter
F =form factor
h =tow thickness
heq =channel wall thickness, equal to fabric layer half-thickness times volume fraction.of
tows in representative cell
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K = permeability
K = first principal permeability (larger principal permeability)
K, =second principal permeability
K* = transverse permeability of a tow
K2 =axial permeability of a tow
L =unsaturated length
Nge = Reynold’s number for flow entering channel
p' =dynamic pressure gradient
P4 =capillary pressure in the axial direction
P} =capillary pressure in the transverse direction
AP =pressure difference
VP* =transverse pressure gradient
Q =fluid flow rate in tube
Q* = volume flow rate of fluid into the walls between x = x; and x=x,
R = pipe diameter
(R) = average roughness
ry=filament radius
Re = Reynolds number
t# =time for fluid to travel axial distance L within tow , driven by P4
t; =time to saturate the channel walls
up = initial velocity
Uynsar = unsaturated fluid velocity, at x = X1 ynsat
usar = saturated fluid velocity, at x = x
u* = transverse fluid velocity
V* =volume of the walls (tows) between x = x, and x=x;
Vy=fiber volume fraction
Vfmax = maximum fiber volume fraction, hexagonal packing
Vf‘°‘” = volume fraction of tows in a representative cell
w=width of a tow
xy=coordinate of flow front location
xg = coordinate equal to x,-L
Y =channel depth in the y direction
& = tow porosity
= fluid viscosity
p =fluid density
o =surface tension
¥ =contact angle
Superscripts

T =transverse
A =axial
Abbreviations
sat = saturated flow conditions

unsat = unsaturated flow conditions
VGM = variable gap model [3,4]
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